The phase change thermal control method is now widely used in aircraft thermal protection due to its high energy density, constant temperature control, flexible operation, and many other advantages.
Introduction
The interior thermal environment is very important for the normal operation of aircraft. The interior equipment of aircraft generally requires temperatures in the normal range. For some detectors, such as infrared detectors, telescopes and others, a very low background temperature is usually required to decrease the thermal noise of background. In contrast, for some structural parts, temperature uniformity should be ensured in order to prevent thermal deformation of control structure members. To solve these problems, many methods for controlling temperature have been developed, of which phase change thermal control structure is a widely used method.
Phase change thermal control can absorb or emit a lot of heat through the phase transition process of the phase change materials, 11 and thus provide or absorb heat for the spacecraft under harsh conditions of electronic components. This feature of phase change materials can ensure that aircraft work at an appropriate temperature. Further, if carbon foam is chosen as filling skeletons of phase change materials, the thermal conductivity of phase change materials can be significantly enhanced and thus realize the rapid absorption or release of heat. On this basis, if nanoparticles of high thermal conductivity are added to the phase change materials, the modified nanoparticles can significantly improve the thermal conductivity of the materials, [12] [13] [14] which, however, has some problems such as settlement in the macro, reunion at the micro, etc.
In this paper, the mechanism enhancing the thermal conductivity of nanoparticles is explored. To overcome the settlement of phase change materials, a dispersant is added to the composite phase change materials containing nanoparticles, and the appropriate ratio is determined. Furthermore, ultrasonic dispersion is conducted in order to disperse the nanomaterials more evenly. 15 
Experimental
The production of composite phase change material consists of melting a solid phase change material at first, then carbon graphite foam is impregnated in the molten phase change material under vacuum conditions, and finally cooled and solidified. Fig. 1 is a SEM photograph of a graphite carbon foam, showing the layered structure of typical graphite characteristics. In this paper, acetamide has been selected as the phase change material, because it has a larger phase change latent heat, chemical stability, reusability, and low cost advantages. Based on a literature review, the thermal conductivity of phase change material can be improved by adding nanoparticles to the molten phase change material. Therefore, in this study, nanoparticles were used to dissolve the phase change material, then the composite materials were impregnated by carbon graphite foam to produce a composite phase change material containing nanoparticles, and the improvement of thermal conductivity was verified by experiments and simulation.
Nano-AlN, carbon nanotubes and graphene were selected as nanomaterials. AlN particle has a spherical shape, carbon nanotubes have one-dimensional elongated tubular shape, graphene has two-dimensional sheet structure -all three materials have different spatial structure. The three types of nanomaterial and their properties are shown in Table 1 . By measuring the thermal conductivity of the composite material containing nanoparticles, it can be seen that the thermal conductivity of composite materials increases with graphene nanoparticles content, as shown in Fig. 2 . While adding the nanoparticles can improve the thermal conductivity of the composite, there are new problems in the process of adding nanoparticles, and these problems influence the improvement of the thermal conductivity of the composite material, which needs careful analysis and resolve.
Firstly, with the composite materials there occurs settlement under the influence of gravity after adding a large number of nanoparticles, thus affecting the thermal conductivity of the composite material. Therefore, we need to add a dispersant to improve the dispersion effect. In this paper, oleic acid was chosen as a dispersant. As oleic acid is a good dispersing agent, it can prevent mutual aggregation of particles, it is compatibility with the base fluid and particles, it has good thermal stability; it does not affect the performance of products; it is non-toxic and inexpensive; it is more hydrophilic and lipophilic. As shown in Figs. 3 and 4, after the addition of oleic acid, the thermal conductivity of the composites (each containing aluminum nitride nanoparticles), the carbon nanotube nanoparticles and graphene nanoparticles show a certain upgrade. Due to high surface energy of nanoparticles, exotic atom adsorption, less layer of intertwined carbon nanotubes and other reasons, it is difficult to obtain the theoretical value of perfect dispersion under laboratory conditions. According to literature, the specific surface area of the carbon nanotube is 166. Based on the above theoretical calculation, the mass of oleic acid dispersant is 1.7 times that of the nanoparticles.
Graphene and carbon nanotubes are made of similar materials, so the calculation method for graphene and carbon nanotubes requires the similar amount of oleic acid. The specific surface area of available graphene particles is 166.3 m 2 g −1 according to the particle size analyser test. However, there is a gap between the real value of the specific surface area and the value of the particle size analyser test, because the liquid particles are considered spherical when the particle size analyser is in operation. While graphene has a two-dimensional sheet structure, it is known that in the same volume, the surface area of the sphere is the smallest, so the real data is much greater than 166.3 m 2 g −1
.
Since we were unable to obtain the exact specific surface area of materials used in the experiment, we used 360 - 450 m 2 g −1 as the amount of calculation, which was provided by the seller when the materials were bought. We can use the same method to calculate the mass of dispersant of graphene nanoparticles, which is 3.2 times higher. The specific surface area of nano-aluminum nitride is greater than 75 m 2 g −1
, so we can use the same method to calculate the mass of dispersant of aluminum nitride nanoparticles, which is 0.6 times higher.
Finally, we rendered the nanoparticles uniformly dispersed in the macro, although the addition of a dispersing agent, even under the influence of gravity, the composite material does not precipitate after a period of standstill. However, nanoparticle aggregates will still occur at the microscopic level, thus affecting the thermal conductivity of the composite materials. Therefore, in order to impact and penetrate particles in the solution persistently, it was necessary to use ultrasound, resulting in high local temperature and pressure or strong shock waves and micro-jet. While ultrasound causes the vibration of molecules in the medium, these vibrations can greatly weaken the energy between the nanoparticles, leading single nanoparticle of agglomeration to flake off in the solution, so that the nanoparticles spread out. This paper takes aluminum nitride nanoparticles and carbon nanotubes nanoparticles as an example, analyses the relationship between ultrasound time and the average particle size of nanoparticles.
The HYL-2080-automatic laser particle-size analyser was used for measuring particle size of materials. The volume average diameter was represented by the average volume of all particles per volume, which might represent the average size of dispersed particles. Acetamide was used as a phase change material, oleic acid as dispersant, and the ultrasound power was set at 1500 W. The relationship between the volume average particle diameter of AlN and ultrasonic irradiation time is shown in Table 2 : As shown in Table 2 , after 90 minutes of ultrasound, different amounts of nanoparticles can all be dispersed sufficiently. From the economic and efficiency perspective, the ultrasonic irradiation time of 90 minutes is a reasonable time.
Fig . 5 shows the particle size distribution of carbon nanotube particles with ultrasonic irradiation time. At the beginning, the average particle size of agglomerated nanoparticles gradually decreases with time, and nanoparticles of larger size are dispersed. In this case, the volume average diameter declines from 72.58 μm to 56.94 μm, and carbon nanotube aggregates of large size gradually disperse until complete disappearance. After ultrasonic dispersion for 60 minutes, the average particle diameter of carbon nanotubes gradually stabilizes at 20 μm or less. At this moment, the distribution of particle size range of carbon nanotube groups is homogeneous, and every particle size range is stabilized. The decentralized system can obtain a smaller particle size after more than 1.5 h, but beyond that time, it is not possible to further enhance the ultrasound effect.
Results and discussion
Through previous experiments, we found that adding nanoparticles to composite phase change material can improve its thermal conductivity. Simulation analysis was carried out in order to understand the mechanism of enhanced thermal conductivity of nanoparticles by ANSYS, and the simulation results were compared with the experimental results. Here, nanoscale graphene was chosen as nanoparticles, and acetamide was selected as the phase change material. The graphene was reduced to 2 nm side of the square, and its thickness was taken as the average value, i.e., 4 nm. In order to reduce calculation amount, only the rotation in the xy plane of the graphene was considered. The graphene centre coordinate and inclination angle in the xy plane were randomly generated with MATLAB. According to the actual situation, there was only an overlap but no intersection between the graphene particles. Fig. 6 shows the 3D model of PCM-graphene. Since the model does not change the direction of thickness, it can be further simplified as a two-dimensional model, as shown in Fig. 7 (a) , in which the volume fraction of graphene is 1 % (mass fraction of 2 %). To study the effect of graphene shape on heat transfer, a spherical shape with a diameter of 40 nm can be established. Except the shape, other properties of the virtual particle model (Fig. 7 (b) ) are the same as those of the PCM-graphene model. As shown in Fig. 7 (b) , the volume fraction of virtual particles is 1 %.
From Fig. 7 , although the fraction of graphene is very low, it partially forms a thermally conductive path, which is very beneficial for heat transfer. In contrast, if the graphene is of spherical shape, the particles are distributed substantially independently in the material and cannot form a thermally conductive path although the content of virtual particles is the same as that of graphene. (Fig. 9 ) and a cube. It can adjust carbon foam porosity and pore size by adjusting the distance between the centre and the radius of the spheres. Herein, the porosity of the model is 90.18 % and the pore size is 400 μm.
As can be seen from the temperature cloud in Fig. 10 , temperature distribution becomes very tortuous due to heat transfer enhancement of graphene, and the heat of graphene is far greater than that of the phase change material. When the distance of the phase change material between two graphene particles is short, the heat flow greatly increases, which is conducive to the transfer of heat between the graphene and the formation of ), respectively. It is noticed that virtual particles and graphene have the same thermal conductivity and volume fraction in the simulation models, and that the only difference lies in their geometrical shape, namely the former is of spherical shape and the latter is of sheet shape. That is to say, the enhancement effect of sheet materials on thermal conductivity is much higher than that of traditional granular materials. Finally, this paper compares thermal conductivity of composite phase change material after addition of a dispersing agent and ultrasonic dispersion with thermal conductivity of composite phase change material before a addition of a dispersing agent and ultrasonic dispersion under different graphene content conditions, as shown in Fig. 15 . After adding a dispersing agent and ultrasonic dispersion, the thermal conductivity of the composite phase change materials has a certain upgrade.
Conclusions
In this research, nanoparticles were added to the molten phase change material, then an appropriate amount of dispersant was added to the composite material in order to improve the dispersion, followed by ultrasonic dispersion, and finally graphite carbon foam was impregnated in the molten composite material, cooled, and solidified. The phase change material composite of higher thermal conductivity was prepared. Some conclusions can be drawn, as follows:
The addition of the nanoparticles to phase change material can improve its thermal conductivity.
The addition of a dispersant can improve dispersion of nanomaterials in the phase change materials. The appropriate amount of dispersant can be derived from theoretical calculations.
The average particle size of the composite phase-change material solution are reduced and the dispersion effect is improved after ultrasonic treatment, through experimental analysis that shows 90 minutes as the best ultrasound time.
The thermal conductivity curve of simulation and experimental results of composite phase change material have the same trend -the thermal conductivity increases with the addition of nanoparticles. Compared to the composite phase change material with only nanoparticles added, the composite phase change material has a higher thermal conductivity after addition of a dispersing agent and ultrasonic dispersion.
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